Purpose: Resistance to chemotherapeutic agents such as doxorubicin is a major reason for cancer treatment failure. At present the treatment option for metastatic breast cancer is very poor. Therefore, development of an effective therapeutic strategy to circumvent MDR of metastatic breast cancer is highly anticipated. The MDR of metastatic breast cancer cells was accompanied with the overexpression of Pgp transporter. Even though the overexpression of P-gp could be minimized by silencing with siRNA, the question is how they can be selectively targeted to the cancer cells. We propose that aptamer surface labeling of the nanoparticles could enhance the selectively delivery of p-gp siRNA into the metastatic breast cancer cells. Our hypothesis is that conjugating nanoparticles with a cancer cell specific aptamer should allow selective delivery of therapeutic drugs to tumor cells leading to enhanced cellular toxicity and antitumor effect as compared to unconjugated nanoparticles. The primary objective of this study is to develop a targeted nanocarrier delivery system for siRNA into breast cancer cells. Design methods: For targeted delivery, Aptamer A6 has been used which can bind to Her-2 receptors on breast cancer cells. For aptamer binding to particle surface, maleimide-terminated PEG-DSPE (Mal-PEG) was incorporated into the nanoparticles. Initially, three blank hybrid nanoparticles (i.e. F21, F31, and F40) out of nine different formulations prepared by high pressure homogenization (HPH) using different amount of DOTAP, cholesterol, PLGA or PLGA-PEG and Mal-PEG were chosen. Then protamine sulfatecondensed GAPDH siRNA (TRITC conjugated; red) or P-gp siRNA was encapsulated into those nanoparticles. Finally, the particles were incubated with aptamer A6 (FITC conjugated; green) for surface labeling. Results: Aptamer labeled-nanoparticles having PLGA are smaller in size than those having PLGA-PEG. Surface charge was reduced when the particles were labeled with aptamer. Cell transfection was increased significantly in Her-2 (+) SKBR-3 and 4T1-R cells but not in Her-2 poorly expressed MDA MB-231 and MCF-7 cells. The knockdown of P-gp was increased significantly when the particles were labeled with aptamer. No significant cellular toxicity was observed for any of these formulations. Conclusion: This preliminary study concludes that aptamer-functionalized hybrid nanoparticles could be used to deliver P-gp targeted siRNA into the breast cancer cells to overcome chemoresistance.
Introduction
Breast cancer is one of the most invasive and malignant diseases affecting millions, and worldwide over 508,000 women died in 2011 due to breast cancer [1] . The primary treatment for breast cancer is surgery followed by adjuvant chemotherapy. However, there are ample evidences where recurrence of cancer metastasis is experienced by patients in spite of adjuvant chemotherapy [2] . The development of multidrug resistance (MDR) is a major obstacle to effective cancer chemotherapy [3] . Once the tumor cells develop resistance to a single class of drug, it can also show cross-resistance to other functionally and structurally unrelated drugs. This phenomenon is known as multidrug resistance (MDR). The mechanism why some tumor cells develop resistance and some don't is unclear [4] . The actual mechanism behind MDR is yet to be revealed. Both intrinsic and acquired mechanisms have been proposed as possible causes of breast cancer drug resistance. Overexpression of adenosine-triphosphate (ATP) binding cassette (ABC) transporters, a 48-member superfamily, is one of the identified causes of MDR. Of these, the most well characterized transporter, ABCB1 (MDR1/ P-glycoprotein) overexpression in breast cancer cells has been found to be strongly associated with reduction of intracellular level of anticancer drugs below their therapeutic threshold [5] . Strategies have been formulated to beat the P-gp mediated drug efflux by using chemical inhibitors though there are only a few that are clinically effective. The RNA Interference (RNAi) technology provides a potential mechanism of gene silencing and could be utilized to knockdown P-gp. Wu et al. has markedly inhibited the overexpression of MDR1 (i.e. P-gp) by siRNAs in MDR cancer cells resulting in restoration of drug sensitivity [6] . Similar findings were also observed in human MDR cells as well [7] . However, the siRNA delivery needs to be targeted specifically to cancer cells so as to avoid notorious side effects to the normal cells.
The potential of siRNA as an anticancer therapeutic depends on the availability of a carrier vehicle which will not only have higher binding affinity for siRNA but also safely administer the drugs (i.e. siRNA) specifically and efficiently to the target cells or tissues. The carrier should protect the functional integrity of the siRNA as well as permitting their (siRNA) easy and efficient release from the vehicle within the cells. Among the numerous vehicles developed for RNAi delivery, cationic lipids and polymers are most promising because of their easy and efficient packaging with siRNAs to form nanoscale complexes (lipoplexes or polyplexes) which have shown potential in delivering siRNA [8] . Nevertheless, if the delivery vehicle is not specifically targeted to the cancer cells, problems associated with toxicity, immune or inflammatory responses, and serum instability would hinder their effective use for the treatment of cancer. To that end, several strategies have been adopted, including pegylation (i.e. coupling to PEG) of nanocomplexes and liposomal envelopment of polyplexes (to form lipopolyplexes) [9, 10] to optimally protect both siRNA and nanocomplexes from the physiological barriers in vivo.
With the development of nanotechnology, nanoformulations have been widely tried for the last few years to bypass the MDR development of tumor cells [11] [12] [13] . In this study, we have explored nanotechnology to overcome chemoresistance mechanisms. It is recently reported by our collaborator that doxorubicin treatment effectively suppresses the multiorgan metastasis of doxorubicin-sensitive 4T1 cells in Balb/c mice, but not doxorubicin resistant 4T1 breast cancer cells. They also reported that down regulating nuclear expression of MDR1 P-gp (ABCB1 gene) by P-gp specific siRNA could increase the delivery of doxorubicin to doxorubicin resistant breast cancer cells [5, 14] . However, unless these nanoparticles are targeted specifically to cancer cells, they will not have a significant impact in the treatment of cancer. So, we plan to overcome this problem by developing a targeted nanocarrier delivery system for siRNAs targeting P-gp into breast cancer cells. We assume that silencing P-gp will eventually help to deliver more doxorubicin into the breast cancer cells.
For targeted delivery, the aptamer technology has been used [15] [16] [17] . A single-stranded RNA or DNA oligonucleotide aptamer can fold into unique tertiary conformations [17] and are capable of binding with high specificity to non-nucleic acid targets like proteins [18] . Because of these unique characteristics, aptamer has been lately used for targeted delivery of drugs into cancer cells. For example, aptamer AS1411 targets nucleolin in MCF-7 cells [15] , aptamer-liposome conjugates containing aptamer sgc8 has been used for drug delivery into CEM-CCRF leukemia cells [16] , and PLGA-PEG nanoparticles surface functionalized with A10 2 0 fluoropyrimidine RNA aptamer has been used to enhance the delivery of docetaxel in LNCaP xenograft nude mice [17] . The aptamer that has been used in this study is amino-terminal at one end (NH 2 -Apt-6) and it binds to epidermal growth factor receptors (ERBB2/Her-2), a master regulator of cancer progression which is overexpressed on the cell surface of breast cancer cells. In the present study, we modified our pretested nanoparticles originally prepared using DOTAP and cholesterol [19] by including PLGA or PLGA-PEG. For aptamer binding to particle surface, maleimideterminated PEG-DSPE (Mal-PEG) was specifically incorporated into the nanoparticles [20] . Maleimide linked to PEG serves as a flexible linker that can readily associate with a variety of functional groups including thiol-and amino-group. [21] . The amino-terminal aptamer (NH 2 -Apt-6) presumably binds with the Mal-PEG moieties on the nanoparticle surface which in turn labels the particles for selective binding to Her-2 (+) breast cancer cells. This study is aimed to know whether labeling nanoparticles with a cancer cell specific aptamer could enhance the selective delivery of siRNA into tumor cells leading to enhanced knockdown of P-gp as compared to nonlabeled nanoparticles.
Materials and methods

Materials
1,2-dioleoyl-3-trimethylammonium-propane (DOTAP), Cholesterol and Maleimide-terminated PEG-DSPE (Mal-PEG) were purchased from Avanti Polar-lipids Inc. (Birmingham, AL, USA). Protamine sulfate salt Grade X, trehalose dihydrate and HPLC grade chloroform were obtained from Sigma Chemical Co. (St. Louis, MO, USA). PLGA and PLGA-PEG were purchased from Boehringer Ingelheim (Germany). Lipofectamine RNAiMAX transfection reagent was purchased from Invitrogen. Fetal bovine serum albumin (BSA), Dulbecco's modified Eagle's medium (DMEM) and penicillin/streptomycin antibiotics were purchased from Gibco, Invitrogen Corp. (Carlsbad, CA, USA). b-actin antibody was purchased from Sigma Chemical Co. (St. Louis, MO, USA), anti-mouse and anti-rabbit IgG HRP labeled secondary antibody were purchased from GE Healthcare (Little Chalfont, UK). GAPDH siRNA and aptamers were purchased from Life Technologies (Carlsbad, CA). Anti-P-gp antibody was purchased from Pierce, Thermo Scientific (Waltham, MA). All other reagents were of analytical grade and were supplied by Sigma Chemical Co. (St. Louis, MO, USA).
Preparation of lipid-polymer hybrid liposomes
The hybrid liposomes were prepared by an EmulsiFlex-B3 high pressure homogenizer from a mixture of two lipids cholesterol and DOTAP at the molar ratio of 1:1 [19, 22] and PLGA or PLGA-PEG (10% diblock) at different weight ratios shown in Table 1 . Nine different formulations of nanoparticles were prepared into two different categories: PLGA-PEG group (i.e. F20, F21, F22, F23) and PLGA group (i.e. F30, F31, F32, F33) and F40 being the basic liposomal formulation containing only DOTAP and cholesterol. Three formulations were chosen for further experiments F21, F31 and F40; the first two representing the best combination possible from each of PLGA-PEG and PLGA group.
The blank liposome (F40) was prepared 20 mM containing equimolar ratio of DOTAP and cholesterol. The hybrid liposomes (F21and F31) were prepared by adding either PLGA-PEG (F21) or PLGA (F31) and Mal-PEG into the blank liposomes. For the preparation of hybrid liposomes; DOTAP, cholesterol, Mal-PEG and PLGA-PEG or PLGA were weighed and taken into a round bottom flask. They were mixed together by adding 15 ml of HPLC-grade chloroform and then dried under nitrogen gas and overnight vacuum. The resulting film of the lipid polymer mixture was hydrated in DEPC-treated water. The lipid polymer mixer was warmed and mixed at 50°C for 45 min by rotation and then kept at RT for 2 h. The resultant dispersion was transferred into a scintillation vial and warmed again at 50°C for 15 min. The final lipid polymer dispersion was homogenized by using a high pressure homogenizer at 20,000 PSI for 5 cycles. Each time, 2.5 ml of lipid polymer dispersion was subjected to homogenization and the resultant hybrid liposomes were collected in another scintillation vial. They were kept at room temperature for 1 h prior to overnight storage at 4°C.
Preparation of siRNA encapsulated aptamer-labeled nanoparticles
Previously, we have developed highly efficient and non-toxic siRNA-encapsulated liposomal nanoparticles for the treatment of HCV [19, 23, 24] . Similar methods were employed here to encapsulate either GAPDH siRNA or P-gp targeted siRNA into the blank nanoparticles. The stepwise preparation of siRNA incorporated nanoparticles and aptamer association is outlined in Fig. 4 . Briefly, freshly prepared protamine sulfate solution (2 lg at 1 lg/10 ll conc.) in DEPC-treated water was added drop wise to an aqueous solution of siRNA (1 lg at 10 pmol/ll) while vortexing the solution at a moderate speed. siRNA condensation with protamine sulfate was performed at room temperature by 40 min incubation of the mixture. In the meantime, the blank nanoparticles were reconstituted into DEPC-treated water and kept at RT for 1 h. Following siRNA-protamine sulfate condensation, the reconstituted blank nanoparticle was added to the mixture keeping the nanoparticle to siRNA ratio equal to 6.8:0.66 after 1 min brief sonication in ice cold water followed by pipetting 30 times. Then the nanoparticles containing siRNA were vortexed 4-5 times to allow thorough mixing. Finally they were sonicated in ice cold water for 3-4 min to reduce the particle size. For aptamer binding to particle surface, Mal-PEG was previously incorporated into the nanoparticles. Finally, the siRNA-encapsulated particles were incubated with aptamer A6 (NH 2 -Apt-6) for surface labeling. 12.8 ll aptamer from a stock conc. of 58.56 lM was added so as to give a final concentration of 0.75 lM in 1 ml cell culture media. Only three (i.e. F21, F31
and F40) out of those nine formulations have been chosen for the targeted delivery of siRNA (Table 1) .
Each formulation was then divided into three different subgroups:
-Blank formulation (no siRNA, no aptamer) (F21, F31 and F40). 
Measurement of particle size and zeta potential
The particle size of the blank particles with/without siRNA and aptamer was determined by dynamic laser light scattering method at room temperature by using a Delsa Nano C Particle Analyzer (Beckman Coulter Inc., Fullerton, CA, USA). The 20 mM nanoparticle suspension (stock) was diluted 1:10 in water and the particle size and zeta potential were assessed using 2 ml of this diluted suspension. The particle size was reported as the mean ± standard deviation (n = 4). The hydrodynamic size of the particle shown in Fig. 1 corresponds to it's diameter. Analysis of the charge density of different formulations was performed by examining their zeta potential by using a Delsa Nano C Particle Analyzer (Beckman Coulter Inc., Fullerton, CA, USA).
Measurement of siRNA encapsulation efficiency of different hybrid nanoparticles
The amount of siRNA (%) entrapped within the particles was determined for these three different formulations (without aptamer labeling) F21, F31 and F40 by using Ribogreen Assay (Molecular Probes, Invitrogen) following the manufacturer's protocol. The procedure in brief is as follows: the particle solution was centrifuged at 14,000 rpm (Allegra Centrifuge, Beckman Coulter Inc, Fullerton, CA) for 15 min at 4°C. The unbound siRNA present in the supernatant was separated from the pellet containing the entrapped siRNA. 500 lL of 1% sodium dodecyl sulfate (SDS) was added to the pellets and to the supernatants. These samples were then incubated at 37°C for 18 h with gentle agitation (50 rpm). The concentration of siRNA in both the supernatants and pellets was measured by using Ribogreen Assay using Cary Eclipse Fluorescence Spectrophotometer, excitation wavelength 500 nm and emission wavelength 525 nm. The results were reported as mean ± standard deviation (n = 4).
Cell culture and cell lines
Five different breast cancer cell lines (i.e. human MDA MB-231, MCF-7, SKBR-3, chemoresistant mouse 4T1-R and chemosensitive 4T1-S) were used. SKBR-3 cells were maintained in McCoy's media supplemented with 10% FBS and all other cell lines were maintained in DMEM supplemented with 10% FBS, 1% sodium pyruvate, 1% nonessential amino acids, and 1% L-glutamine. The liver cancer cell lines Huh-7.5 and HepG2 cells were also maintained in DMEM and served as controls.
Cell viability assay
The cytotoxicity of the aptamer-labeled siRNA-encapsulated formulations prepared using F21 and F31 was assessed on 4T1-R cells by MTT assay in accordance with the manufacturer's protocol (Sigma Chemical Co., MO, USA). The cells were transfected with blank and siRNA-entrapped aptamer-labeled nanoparticles. Twenty-four hours after transfection, the cells were incubated with MTT solution at 37°C for 2 h, and the cell viability was measured by reading the absorbance at 570 nm.
Cell uptake study
(a) Transfection of GAPDH siRNA using nanoparticles labeled with aptamer MDA MB-231, MCF-7, SKBR-3 and 4T1-R breast cancer cells were used to measure both qualitatively (by using a fluorescence microscope) and quantitatively (by FACS analysis) the uptake of the nanoparticles by those cells. Briefly, the cells were cultured in 12-well tissue culture plates (TCPs) for 24 h in 10% FBS containing DMEM or McCoy's media. The cells were then transfected with different formulations and kept at 37°C for 24 h. For immunofluorescence, TRITC-conjugated GAPDH siRNA and FITC-conjugated aptamer were used which were monitored by a fluorescence microscope (Olympus IX-71), and photographs were taken at 10X magnification. For FACS analysis, TRITC-conjugated GAPDH siRNA and non-labeled aptamer were used. After treatment, the cells were scraped by using trypsin-EDTA, washed and resuspended in PBS and kept on ice until they were used to quantify the uptake of the nanoparticles by those cells by FACS (BD FACSCalibur). We have used Aptamer A6 (NH 2 -Apt-6) targeted to the HER-2 receptors on breast cancer cells the sequence of which is 5 0 -TGG ATGGGGAGATCCGTTGAGTAAGCGGGCGTGTCTCTCTGCCGCCTTGCT ATGGGG-3 0 (-NH 2 ) (Invitrogen, Life Technologies). The P-gp siRNA (5 0 -CGGAAGGCCUAAUGCCGAAtt-3 0 ) was purchased from Ambion, Life Technologies [25] .
(b) Transfection of P-gp specific siRNA using nanoparticles labeled with aptamer P-gp targeted siRNA was used to transfect SKBR-3, MCF-7 (human) and 4T1-R (mouse) breast cancer cells carried by the Fig. 1 . Comparison of particle size between blank and siRNA-encapsulated aptamer-labeled nanoparticles. The size of the particles was determined by dynamic laser light scattering method at room temperature using a Delsa Nano C Particle Analyzer. The particle size was reported as the mean ± standard deviation (n = 4).
Fig. 2.
Comparison of zeta potential between blank and siRNA-encapsulated aptamer-labeled nanoparticles. The zeta potential of the particles was measured by using a Delsa Nano C Particle Analyzer. The zeta potential was reported as the mean ± standard deviation (n = 4 supplemented with 10% FBS giving a dilution factor of 10 and mixed by swirling. In both cases of lipofectamine and aptamerlabeled nanoparticle transfection, the cells were transfected with 100 pmol siRNA, which is equal to 100 nM siRNA based on 1 ml cell culture media. After 3 h, an additional 1 ml cell culture media was added to the transfected cells in both nanoparticle and lipofectamine transfection. After 24 h, all the treated cells (both lipofectamine and nanoparticle transfection) were scraped by using trypsin-EDTA, washed with PBS, pelleted and stored at À20°C for western blot analysis.
Western blot analysis
Approximately 30-40 lg of protein from each sample was mixed with SDS loading buffer (Lamelli sample buffer (2X) containing 2-Mercaptoethanol). The proteins were separated by Novex 4-20% Tris-Glycine gel and then transferred onto a nitrocellulose membrane (Novex, Life Technologies). The membrane was blocked with 5% non-fat dry milk in Tris-buffered saline with 0.05% Tween-20 at room temperature for an hour. The membrane was washed four times and incubated overnight at 4°C with either mouse monoclonal antibody to P-gp (C219; Pierce, Thermo Scientific) at 1:1000 dilution or a rabbit monoclonal antibody for HER-2/ErbB2 (Cell Signaling Tech., Danvers, MA) at a dilution of 1:1000. The blot was normalized by incubating with mouse monoclonal antibody for b-actin (Sigma-Aldrich) at 1:20,000 dilution. After the primary antibody incubation, the membrane was washed four times and then incubated with the secondary antibody conjugated with horse-radish peroxidase (anti-mouse or anti-rabbit) (GE HealthCare) at a dilution of 1:20,000 for 1 h. The protein expression was detected using the ECL reagent (GE Healthcare) on a high performance chemiluminescence film (Thermo Scientific). 
Results
3.
1. Physicochemical characterization of blank and aptamer-labeled siRNA encapsulated nanoparticles -particle size and zeta potential
The particle size and zeta potential of all nine formulations are shown in Figs. 1 and 2 . The particle size of the blank nanoparticles (i.e. blank formulations; F21, F31, F40, etc.) and siRNAencapsulated aptamer-labeled nanoparticles (F21 + Apt, F31 + Apt, F40 + Apt, etc.) has been compared among different batches in the respective range of 70 percentile (Fig. 1) . The incorporation of PLGA-PEG or PLGA in the formulations has shown differential impact on the size of the blank hybrid nanoparticles. Among different batches of PLGA-PEG group (i.e. F20, F21, F22, F23) with or without siRNA encapsulation and aptamer labeling, the smallest particles were generated by F21 formulation whereas, among different batches of PLGA group (i.e. F30, F31, F32, F33) with siRNA encapsulation and aptamer labeling, the smallest particles were generated by F31 formulation. When F21 and F31 were compared with only blank liposomes (i.e. F40); it was noticed that in case of hybrid F21 formulation, the incorporation of PLGA-PEG has reduced the average particle size from $156 ± 20 nm (F40 blank) to $100 ± 12 nm (F21 blank). Whereas in case of hybrid F31, the incorporation of PLGA has decreased the particle size from $156 ± 20 nm (F40 blank) to $138 ± 12 nm (F31 blank). Once the hybrid nanoparticles were used to encapsulate siRNA and labeled with aptamer, the particle size increases dramatically irrespective of the formulation types which was measured as follows: F21 bank vs. F21 + Apt ($100 ± 12 nm vs. $270 ± 10 nm), F31 blank vs. F31 + Apt ($138 ± 12 nm vs. $237 ± 12 nm) and F40 black vs. F40 + Apt ($156 ± 20 nm vs. $220 ± 28 nm). However, the particle size of F31 + Apt at 70% ($237 ± 12 nm) is slightly smaller than that of F21 + Apt ($270 ± 10 nm). This increase in particle size after siRNA incorporation has also been reported previously [22] .
The surface charge of all nine different formulations was also compared and shown in Fig. 2 . The surface charge of the hybrid nanoparticles (i.e. F21; 49 ± 9 mV and F31; 45 ± 6 mV) was shown higher than that of the blank liposomes (F40; 31 ± 4 mV) (Fig. 2) . The labeling of aptamer and the encapsulation of siRNA to F21 and F31 formulations changed their respective surface charge from 49 ± 9 mV (F21) to 32 ± 2 mV (F21 + Apt) and 45 ± 6 mV (F31) to 31 ± 2 mV (F31 + Apt). In general, in both PLGA-PEG group and PLGA group, the encapsulation of siRNA and aptamer labeling had decreased the surface charge of their respective blank hybrid particles (i.e. F20 + Apt vs. F20 blank, F30 + Apt vs. F30 blank and so on). The surface charge of the hybrid nanoparticles decreased after siRNA incorporation was due to the partial neutralization of the positive charge of the nanoparticles by the negatively charged siRNA. However, the surface charge of F40 blank particles (31 ± 4 mV) has not changed significantly when the particles were exposed to siRNA and aptamer (i.e. F40 + Apt) (34 ± 4 mV). The inability of labeling aptamer to the F40 blank liposomes (due to the absence of Mal-PEG) as well as the lesser siRNA encapsulation (Fig. 3 ) are assumed to be the sole reason for those particles not having a reduced surface charge.
siRNA encapsulation efficiency of the nanoparticles
The siRNA encapsulation efficiency of the hybrid nanoparticles (without aptamer labeling) was determined by Ribogreen assay as shown in Fig. 3 . The siRNA encapsulation efficiency of F21 (without aptamer) (%55 ± 2) and that of F31 (without aptamer) (%64 ± 4) was greater than that of F40 (without aptamer) (%49 ± 2), which exhibits that the % entrapment of siRNA increases with the addition of the polymer. Between PLGA-PEG and PLGA group, F31 (PLGA) showed better encapsulation efficiency than that of F21 (PLGA-PEG).
Cryo-TEM images of only lipid-based nanoparticles before and after siRNA encapsulation have been shown in our previous publications [19, 22] . A plausible illustration of the lipid-polymer hybrid nanoparticles of F31 after siRNA encapsulation and aptamer labeling is shown in Fig. 4. 
Cytotoxicity of the formulations into breast cancer cells
The cytotoxicity of F21 and F31 formulations was determined in 4T1-R (mouse) breast cancer cells (Fig. 5) .
The formulations (i.e. F21 and F31) were prepared by encapsulating varying concentrations of siRNA. The concentration of hybrid particles and protamine sulfate used for siRNA packaging also increased proportionally along with siRNA concentration. The percent cytotoxicity of F31 formulation was observed %11 ± 2, %11 ± 3, %13 ± 3, %14 ± 2, %17 ± 2 and %20 ± 3 at the siRNA concentration of 25, 50, 75, 100, 125 and 150 pmol, respectively. The cell cytotoxicity of F21 formulation was %19 ± 2, %22 ± 3, %23 ± 3, %24 ± 2, %25 ± 2 and %32 ± 3 respectively with the corresponding siRNA concentrations ranging from 25 to 150 pmol. Nanoparticles prepared using F21 showed enhanced cytotoxicity as compared to F31.
Assessment of Her-2 and P-gp expression in different cell lines
The expression of Her-2 has been assessed in SKBR-3, MCF-7, MDA MB-231 (human) and 4T1-R and 4T1-S (mouse) breast cancer cells and in Huh-7.5 and HepG2 liver cancer cells (Fig. 6A) . Among the breast cancer cells, the highest expression of Her-2 receptors was observed in SKBR-3 cells. Compared to SKBR-3 cells, the expression of Her-2 was much lower as observed in MCF-7 and MDA MB-231 breast cancer cells. Both 4T1-R (chemoresistant) and 4T1-S (chemosensitive) cells showed high level of Her-2 expression without much differences among themselves. Between two liver cancer cells, Her-2 was expressed at a lower level in Huh-7.5 cells whereas it was absent in HepG2 cells. Differential expression of P-gp is also observed in different human and mouse breast cancer cell lines (Fig. 6B) . The expression of P-gp was low in MDA MB-231 and moderately low in SKBR-3 cells. On the contrary, the expression of P-gp was significantly high in both human MCF-7 and mouse 4T1-R/4T1-S cells. However, between 4T1-R and 4T1-S cells, higher expression of P-gp was observed in 4T1-R cells than 4T1-S cells. The liver cancer cells Huh-7.5 and HepG2 show a medium level of P-gp expression. Similar level of Her-2 and P-gp expression was observed from at least two separate experiments.
In vitro transfection study
The transfection efficiency of the nanoparticles was determined qualitatively by fluorescence microscopy using TRITC-conjugated GAPDH siRNA with or without FITC-labeled aptamer (Figs. 7 and 8) and also quantitatively by FACS analysis using TRITCconjugated GAPDH siRNA and unlabeled aptamer (Fig. 9) . When the Her-2 highly expressed SKBR-3 cells were transfected with F31 + Apt (Fig. 7A) , the cells were bound with a significant amount of aptamer on the cell surface as well as fully loaded with siRNA within the cytoplasm. A similar finding was also observed when the cells were transfected with F21 + Apt formulation (Fig. 7B) . In contrast, when Her-2 poorly expressed MDA MB-231 (Fig. 7C) and MCF-7 cells (Fig. 7D) were transfected with F31 + Apt, the cells were seen to receive TRITC-labeled siRNA (red) in the cytoplasm with a minimal level of FITC-aptamer (green) bound to the surface of the cells. Similarly, compared to non-aptamer labeled hybrid nanoparticles (Fig. 8A) , the delivery of siRNA into SKBR-3 cells was significantly elevated (Fig. 8B ) when highly Her-2 positive SKBR-3 cells were transfected with aptamer labeled hybrid nanoparticles (F31 + Apt). This study clearly indicates that the particles are using aptamers to bind to the cells to deliver the siRNA into the cells.
The results obtained from immunofluorescence are further substantiated by FACS analysis. Her-2 expressed mouse 4T1-R cells (Fig. 9A ) and human SKBR-3 cells (Fig. 9B) were transfected with nanoparticles containing GAPDH siRNA (TRITC labeled). We observed that the level of transfection was higher when the particles were tagged with aptamer than when they were devoid of it. In contrast, when MCF-7 cells (Fig. 9C ) with low Her-2 expression were transfected with/without aptamer labeled nanoparticles, there was not much difference in the level of transfection between aptamer and non-aptamer labeled nanoparticles. Similarly, the Her-2 (À) HepG2 liver cancer cells (Fig. 9D) showed an insignificant difference in siRNA transfection between aptamer-labeled and non-aptamer labeled nanoparticles. This is because none or low level of Her-2 receptors on the cell surface could enhance the specific binding or engulfment of those particles into the cells. The presence of Her-2 receptors facilitates aptamer binding and therefore there was a marked increase in siRNA delivery with aptamer-labeled nanoparticles compared to non-aptamer-labeled nanoparticles. For example, FACS analysis revealed that the delivery of siRNA has increased 2.5-fold into the Her-2 (+) 4T1-R cells and 1.7-fold into the SKBR-3 cells when the particles were labeled with aptamer (Fig. 10) . These results confirm that the aptamer is enhancing the delivery of nanoparticles into the breast cancer cells through the Her-2 receptors.
Determination of the knockdown efficiency of P-gp-targeted siRNA encapsulated aptamer-labeled nanoparticles
The results shown in Figs. 7-10 indicate that when the particles are labeled with aptamer, it increases the delivery of siRNA into the breast cancer cells significantly than non-labeled nanoparticles. The functional activity of siRNA (to knock-down P-gp) delivered by aptamer/non-aptamer labeled nanoparticles has been also assessed. The knockdown of P-gp by P-gp specific siRNA has been examined in three breast cancer cell lines that were transfected with or without aptamer labeled nanoparticles (i.e. SKBR-3, 4T1-R and MCF-7 cells) and compared to lipofectamine transfection which served as a positive control. In Fig. 11 , it is quite evident that the knockdown of P-gp has increased significantly when the cells were transfected with aptamer-labeled nanoparticles. A semiquantitative analysis of the knock down efficiency of the nanoparticles in different cell lines was performed using Image J. In 4T1-R cells (Fig. 11 top panel) , P-gp knockdown was $65% (with aptamer) compared to $29% (without aptamer) and $26% with lipofectamine (lipofectamine with 10% FBS). Whereas in SKBR-3 cells (Fig. 11 middle panel) , the knockdown was $82% (with aptamer) than $40% (without aptamer). In MCF-7 cells (Fig. 11 bottom  panel) , aptamer-labeled nanoparticles showed $96% knockdown of P-gp compared to $62% with non-aptamer-labeled nanoparticles. Hence, the silencing of P-gp has been improved significantly when the particles were labeled with aptamer. 6 . Measurement of the expression of Her-2 (A) and P-gp (B) in different mouse (i.e. 4T1-R and 4T1-S) and human breast cancer cells (i.e. SKBR-3, MCF-7 and MDA MB-231) and human liver cancer cells (i.e. Huh-7.5 and HepG2) by Western blot analysis. The cells were cultured for 24 h and then they were scraped by using trypsin-EDTA, washed with PBS, pelleted and then equal amount of proteins was loaded to measure the expression of Her-2 (1:1000 dilution) and P-gp (1:1000 dilution) with b-actin (1:20,000 dilution) running as the loading control.
Discussion
The multi-drug resistance in breast cancer cells has been associated with the expression of a membrane protein called Permeability glycoprotein (P-glycoprotein or P-gp) that acts as an efflux pump and selectively transports chemotherapeutic agents out of the cell. We have used siRNA technology to knockdown P-gp in human and mouse breast cancer cells by using a new class of lipid-polymer hybrid nanoparticles that can efficiently and selectively deliver siRNAs to the target cells. For targeted delivery of siRNA into the breast cancer cells, we have used an aptamer that binds specifically to the Her-2 receptors overexpressed on the surface of the breast cancer cells.
Previously, we have developed a nanosomal formulation capable of inhibiting 85% of Hepatitis C virus (HCV) replication in an in vitro cell culture model [19] . Lipid nanoparticles incorporating siRNA targeted the 5 0 -UTR region of HCV were delivered to almost 100% of cells with minimal cytotoxicity and a significant knockdown efficiency of HCV. Also, a systemic administration of combinatorial siRNA nanosomes was noted to considerably reduce HCV Fig. 7 . Testing the delivery efficiency of aptamer-labeled nanoparticles into the Her-2 highly/poorly expressed breast cancer cells. Her-2 (highly expressed) SKBR-3 cells were targeted by aptamer-labeled F31 (A) and aptamer-labeled F21 nanoparticles (B); whereas Her-2 (poorly expressed) MDA MB-231 (C) and MCF-7 cells (D) were targeted by aptamer-labeled F31 nanoparticles (Aptamer: green; siRNA: red). Fluorescence photographs of siRNA deposition into the cells were captured at 10Â magnification by using a fluorescence microscope. replication in a liver tumor-xenotransplant mouse model of HCV without any recognized noticeable liver injury [23] . In another study, we have shown that a unique combination of lipid based nanoparticles containing DOTAP, cholesterol and high mobility group protein facilitated the delivery of both circular and linear DNA into the poorly transfected Plasmodium falciparum-infected red blood cells [26] .
In the present study, we have used liposome-based nanoparticles partially substituted by polymer (PLGA or PLGA-PEG) for transfection of siRNA. PLGA is a polymer of two monomers; lactic acid and glycolic acid, these constituents can be combined in different proportions. The ratio of lactic to glycolic acid in PLGA was 65:35 which we have used in this study. These organic polymers have controlled biodegradability; excellent biocompatibility and they offer enhanced transfection efficiency combined with reduced cytotoxicity as compared to liposomes only [27] . Also, liposomes generally undergo interparticle fusion due to their mobile nature leading to self-decomposition. It has been reported that addition of polymer to the liposome-based nanoparticles results in improved RNAi efficiency, for example, lipid-polymer hybrid nanoparticles have been used to co-deliver siRNA and Gemcitabine for effective treatment of pancreatic cancer [28] . On the other hand, introduction of PEG moiety into PLGA has also been attempted so as to further reduce the hydrophobicity and negative charge on the surface and enhance interaction with the negatively charged siRNA. It has been reported that core-shell structured nanoparticles containing block co-polymers like PEG [9] forms a protective outer coating around the polyplex core containing cationic polymers complexed with siRNA and shields it by stericstabilization. In our formulation, we have predicted that inclusion of PLGA or PLGA-PEG into the particles should not only prevent intra-fusion among liposomal particles resulting in the formation of larger particles but also they help to sustain aptamer stability and biding specificity. Recently, we have optimized another type of lipid-polymer hybrid nanoparticles to effectively knockdown mutant p53 in mouse osteosarcoma cells for the treatment of osteosarcoma (unpublished data). We have seen that the substitution of lipids by polymer in the nanoparticle formulation decreased the particle size and overall cytotoxicity but helped to increase siRNAs encapsulation efficiency within the particles (unpublished data). Similar pattern of the physiochemical properties of the hybrid nanoparticles has also been observed in the current study. The particle size decreases with the addition of polymer (PLGA) due to enhanced interfacial stabilization [29] . PEG chains are hydrophilic and orient themselves towards external aqueous phase improving overall solubility and decreasing aggregation, which results in further decrease of the particle size.
In this study, excess amount of PLGA or PLGA-PEG compared to Mal-PEG has been used because it is anticipated that excess PLGA or PLGA-PEG compared to Mal-PEG will sequester Mal-PEG-bound aptamer on the surface so that aptamer sequence selfentanglement due to electronic interaction would be minimized. It is assumed that the siRNA has been encapsulated into the particles because of its condensing nature with protamine sulfate. The particles were also vortexed vigorously to remove loosely bound siRNAs from the particle surface so that only aptamer on the particle surface can bind to the target cells.
The positively charged hybrid nanoparticles self-assemble with the negatively charged siRNAs through multiple electrostatic interactions forming stacks of lipid bilayers with siRNAs trapped inbetween. Nanoparticles have high surface area to volume ratios [30] and multiple aptamers could be labeled on the particle surface. Mal-PEG present in the formulation attaches to the surface of the lipid bilayer and helps in aptamer functionalization (Fig. 4) . Aptamer has amino-functional group through which they associate with Mal-PEG on the surface of the nanoparticles and facilitates target binding. Aptamer A6 is specific and it binds to Her-2 receptors overexpressed on the surface of breast cancer cells and helps in efficient cellular internalization of the nanoparticles.
Of the nine formulations developed, the best formulation based on the particle size and surface charge from the PLGA and PLGA-PEG group was measured F31 and F21, respectively. Again, F31 was found to be superior to F21 in terms of its particle size (after siRNA encapsulation and aptamer association) and siRNA encapsulation efficiency. Also, the cell cytotoxicity caused by the F21 formulation was higher than that of F31 formulation. As such, between these two groups (i.e. PLGA vs. PLGA-PEG), F31 (PLGA group) was chosen over F21 (PLGA-PEG group) to continue the rest of the study that included the measurement of the transfection efficiency and the knockdown of P-gp.
In this study, the siRNA used to knockdown P-gp was chosen from a published report [25] . Meng et al. has selected the siRNA from a panel of siRNAs undergone a high throughput screening of their efficacy to knock down P-gp on a multi-drug resistant breast cancer cell line [25] . They have showed a significant knockdown of P-gp at the heterogeneous tumor sites in the multi-drug resistant human breast cancer xenograft model where doxorubicin and the P-gp targeted siRNA were co-delivered by silica nanoparticles. We have used this custom siRNA to knock down P-gp in human and mouse breast cancer cells. The efficacy of P-gp targeted siRNA culminated with our delivery system was tested in both Her-2 (+) and Her-2 (À) breast cancer cells by using both aptamer-labeled and non-aptamer-labeled hybrid nanoparticles. The aptamer-labeled hybrid nanoparticles developed in our lab showcased a better knockdown of P-gp compared to lipofectamine as shown in Fig. 11 . Another encouraging factor is that the hybrid nanoparticles can accomplish knocking down P-gp at a high serum concentration (i.e. 10% FBS) (as compared to lipofectamine transfection) which not only assures the protection of siRNA from the serum nucleases but also it brings hopes that the aptamerlabeled hybrid nanoparticles can be successfully administered in vivo to treat breast cancer in patients. Though P-gp is usually detected as a major band around 140-170 kDa in Western blotting, in our study, the major band of P-gp was detected between 55 and 65 kDa. It has been reported by Yoshimura et al. that a discrete band at 95 kDa and a sharp band at 55 kDa representing P-gp was observed with the KB-C2 cells [31] . However, when the cells were treated with trypsin, the intensity of the major140 kDa band declined whereas the intensity of the 95 kDa and 55 kDa band improved. They observed that even with the mild exposure of trypsin, the P-gp within the cells is separated into two small parts P1 and P2 whose combined molecular mass (150 kDa) is equal to the molecular mass of P-gp. Experiments on drug-resistant KB cells [32] also revealed that the 170 kDa protein after digestion with proteolytic enzyme trypsin got cleaved into three different fragments 70, 55 and 40 kDa. The separation of P-gp into 95 and 54-56 kDa fragments was also reported by Greenberger et al. [33] . In our study, the most significant changes of P-gp expression was always displayed by the 55-65 kDa band. Though trypsinization was known to induce fragmentation of P-gp, the reason behind the superior expression of 55-65 kDa band among other fragments is poorly understood which deems a thorough further investigation.
Knocking down P-gp by P-gp specific siRNA could increase the delivery of cancer drug to the breast cancer cells. However, since P-gp is just a single member of the vast ABC superfamily, it is quite likely that knocking down P-gp can indirectly induce the selection of other clones that express a different ABC member with overlapping drug selectivity. To resolve this, we are planning to assess the gene silencing of MRP (i.e. multidrug resistance protein) and BCRP (i.e. breast cancer resistance protein) proteins by different aptamer-labeled hybrid nanoparticles. If knocking down a single MDR gene is not enough for a long term inhibition of drug resistance, then two or three different siRNAs-targeted to MDR gene will be encapsulated into this aptamer-labeled hybrid nanoparticles. We have previously shown that multiple siRNAs targeted to the highly conserved 5 0 -untranslated region (UTR) of the HCV genome could be encapsulated into lipid nanoparticles for the treatment of HCV. Similar approaches will be considered to encapsulate multiple siRNAs should there be any requirements of taking all out actions to eradicate MDR.
In this study, we anticipate that development of a targeted delivery of siRNA specific to MDR gene using a nanocarrier system has the potential to overcome chemoresistance of breast cancer cells to therapeutic drugs such as doxorubicin. By enhancing the knockdown of MDR gene (i.e. P-gp), the aptamer-labeled P-gp siRNA encapsulated nanoparticles would produce a greater cellular internalization and direct accumulation of drugs (doxorubicin) in the nuclear compartment of breast cancer cells. If the P-gp specific siRNA is not selectively targeted to the breast cancer cells, it will not have a significant impact in the treatment of cancer. As such, by enhancing the knockdown of multidrug resistant genes, this aptamer-labeled targeted nanoparticle will open the door for the enhanced delivery of doxorubicin for the treatment of chemoresistance breast cancer.
